In this paper, a robust wheel slip control system based on a sliding mode controller is proposed for improving traction-ability and reducing energy consumption during sudden acceleration for a personal electric vehicle. Sliding mode control techniques have been employed widely in the development of a robust wheel slip controller of conventional internal combustion engine vehicles due to their application effectiveness in nonlinear systems and robustness against model uncertainties and disturbances. A practical slip control system which takes advantage of the features of electric motors is proposed and an algorithm for vehicle velocity estimation is also introduced. The vehicle velocity estimator was designed based on rotational wheel dynamics, measurable motor torque, and wheel velocity as well as rule-based logic. The simulations and experiments were carried out using both CarSim software and an experimental electric vehicle equipped with in-wheel-motors. Through field tests, traction performance and effectiveness in terms of energy saving were all verified. Comparative experiments with variations of control variables proved the effectiveness and practicality of the proposed control design.
Introduction
Due to the increasing requirements with regard to introducing environmental-friendly vehicles and electrification of vehicle systems, much research on electric vehicles has been carried out [1] [2] [3] [4] [5] [6] [7] [8] [9] . In particular, in the motion control field of electric vehicles, traction control methods such as an anti-slip control [1] , a model following control-based traction control [2] , and slip ratio control based on slip estimation were proposed and applied in actual electric vehicles [3] . These traction control methods were developed based on the advantages of electric vehicles equipped with in-wheel motors. Moreover, in order to improve yaw stability of electric vehicles, various yaw moment control methods utilizing independent torque control were proposed by Fujimoto et al. [1] . The main advantages of electric vehicles in terms of motion control are summarized as follows [3] [4] [5] :
 Quick torque generation by in-wheel driving motors.  Easy torque measurement from current sensing.  Left and right independent wheel torque control.
In particular, since motor torques acting on each tire can be easily measured, we can accurately estimate the driving forces which are generated by tire-road interaction. These estimated driving forces can be widely used for estimating tire-road conditions, detecting wheel slip occurrence, and realizing the control law in motion control systems [5] . In this paper, a traction control method, by making the best use of the above advantages, is proposed and discussed. In general, the main objective of traction control is to prevent the degradation of driving performances, which occur during sudden acceleration under adverse road conditions. As a result, the traction-ability is greatly improved and the energy consumption by unnecessary wheel spin is also reduced in the case of electric vehicles.
The traction forces (also called as driving forces), generated by tire-road interaction, are expressed as a function of the wheel slip ratio, of the normal force acting in each wheel, and of the friction coefficient which depends on road conditions. Since the wheel slip ratio directly affects generation of the traction forces, the wheel slip ratio can be a control variable in the traction control system. Traction control methods based on wheel slip ratio control have been proposed and evaluated [6, [10] [11] [12] . To realize these control methods, real-time information on rational wheel velocity and vehicle velocity is required. Due to economic reasons, the vehicle velocity should be estimated using available sensors. In this paper, an algorithm for estimating the vehicle velocity is proposed, which is designed based on rule-based logic using measurable motor torques, rotational wheel velocity, and wheel dynamics.
In this paper, a sliding mode controller was adopted so as to make the control system robust against parameter uncertainties and disturbances. Additionally, the asymptotic stability property and robustness are discussed by employing the Lyapunov stability method. Sliding mode control techniques have been widely used in vehicle dynamics control systems such as anti-lock braking systems, yaw stability control systems, and traction control systems due to their strong robustness [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] . Since the vehicles operate under a wide range of speed and road conditions, the vehicle controllers should provide robustness against varying parameters and undesired disturbances over all the driving regions. In [12] , a second-order siding mode traction controller for vehicles was presented to minimize tracking error. A sliding mode approach, based on conditional integrators, was proposed to control the wheel slip ratio in electric vehicles and its performances were verified through experimental results with a prototype electric vehicle [14] . In the literature [21] , a sliding mode controller was designed to maintain the wheel slip at any given value and a sliding mode observer was used for obtaining the vehicle velocity for calculating the slip ratio. However, an additional sensor such as an acceleration meter was used and the gains of the sliding mode observer were chosen by trial and error.
The main contributions of this paper are given as follows:
(1) design of a sliding mode wheel slip controller for improving traction performances of commercial electric vehicles equipped with in-wheel-motors; (2) development of the cost-free vehicle velocity estimator based on the measured motor torques and wheel velocities (which are obtained from the resolvers); (3) integration of the sliding mode controller and vehicle velocity estimator to actively control the driving wheels for avoiding wheel spin phenomenon; (4) implementation of the proposed traction control system on a commercial electric vehicle, shown in Figure 1 .
This paper is organized as follows. An experimental electric vehicle equipped with in-wheel-motors is introduced in Section 2, which is followed in Section 3 by longitudinal vehicle dynamics modelling. In Section 4, the proposed traction control system including the sliding mode controller, a driving force observer, and the vehicle velocity estimator is presented. Computer simulations using the CarSim and experimental results are discussed in Section 5. The conclusion and future works are presented in Section 6.
Overview of an Experimental Electric Vehicle
A brief description of the experimental electric vehicle used in this work is recounted in this section. A commercial electric vehicle, named COMS, made by the Toyota Auto Body Company, Ltd., is a small-sized personal vehicle (see Figure 1 ) and has the following special features (see [5] ):
 In-wheel motors (i.e., interior permanent magnet synchronous motors) are mounted in the left and right rear wheels, respectively. Thus, each motor can be controlled independently.  The control computer, which operates the traction control, is used for the realization of the developed control algorithms as well as the sensor signal processing.
The specifications and overall schematic of an experimental electric vehicle are listed in Table 1 and Figure 2 , respectively. 
Vehicle Model
A simple vehicle model, appropriate for longitudinal motion control, is described in Figure 3 . A simple vehicle model representing the longitudinal dynamics can be obtained by assuming:
 Vehicle mass is distributed on each wheel equivalently.  The lateral, yawing, pitch, and roll dynamics are neglected. 
Longitudinal vehicle dynamics:
where  is the wheel angular velocity, x v is the longitudinal velocity of the vehicle center of gravity, m T is the driving input torque, b T is the braking torque, d F is the longitudinal tire-road contact force (also called as driving force), r is the wheel radius, I  is the wheel moment of inertia,  is the wheel slip ratio, M is the vehicle mass, air F is the air drag resistance force, roll F is the rolling resistance force, x c is the longitudinal wind drag coefficient, and z F is the normal force which can be calculated using available acceleration sensors. When a driving motor torque m T is applied to a pneumatic tire, the driving force will be developed at the contact patch between tire and road. At the same time, the tire tread of and within the contact patch is subject to compression during acceleration. The distance the tire travels when it is subject to a driving force will be less than when it is in free rotation. This phenomenon is referred to as the wheel
The wheel slip is defined as the relative difference between a driving wheel's angular velocity and the vehicle velocity [25] , i.e.,
The nonlinear wheel slip dynamics during acceleration is obtained by differentiating Equation (2) with respect to time and substituting it into Equation (1), thus obtaining:
where d is defined as a lumped disturbance including terms related to driving resistances and parameter uncertainties. Also, since the only longitudinal motion during acceleration is considered in the control design, the braking torque b T is neglected. The driving force d F generated at each tire is the most important for deciding the longitudinal vehicle motion and is also a nonlinear function of the normal tire force z F , of road friction coefficient  , and of wheel slip ratio  . Figure 4 shows the typical relation curve between  and d F [25] . 
Design of a Traction Control System

Overview of a Proposed Control System
In this section, a traction control system for an electric vehicle, equipped with in-wheel-motors, is introduced. The main objective of the traction control is to provide driving ability and stability without severe wheel slip. Figure 5 illustrates the block diagram of the proposed traction control system and the overall control scheme is given as:  Feedback controller: a sliding mode control approach is applied to achieve robust tracking control of the wheel slip ratio and its asymptotical stability is proven by employing the Lyapunov function.  Driving force observer: in order to monitor wheel status in real-time, a driving forces observer is designed based on rotational wheel dynamics and measurable motor torque and rotational wheel velocity.  Vehicle velocity estimator: to realize the control law, generated from a sliding mode controller, real-time information on the vehicle velocity is required. A vehicle velocity estimator using rule-based logic is designed and evaluated by field test results. 
Design of a Sliding Mode Controller
It is well known that sliding mode control is a robust control method to stabilize nonlinear and uncertain systems which have attractive features to keep the systems insensitive to the uncertainties on the sliding surface [26] . The conventional sliding mode control design approach consists of two steps. First, a sliding surface is designed such that the system trajectory along the surface acquires certain desired properties. Then, a discontinuous control is designed such that the system trajectories reach the sliding surface in a finite time. A sliding mode control as a general design technique for control systems has been well established, the advantages of a sliding model control method are: (1) fast response and good transient performance, (2) its robustness against a large class of perturbations or model uncertainties, and (3) the possibility of stabilizing some complex nonlinear systems which are difficult to stabilize by continuous state feedback laws [26, 27] . Based on these advantages, sliding mode control approaches have been widely applied to vehicle dynamics control systems [14, 15, 27] .
In this work, the main control objective is to track the desired wheel slip ratio which is pre-defined (i.e., d    ). As aforementioned, the first step in sliding mode control design is to define the sliding surface. A sliding surface ( ) S t is defined as:
Here we can see that the sliding condition ( ) 0 S t  implies a zero tracking error. By designing a proper dynamics feedback control law, the trajectory of the closed loop system can be driven on the defined sliding surface (i.e., Equation (4)) and evolve along it, and wheel slip ratio control can be achieved. In order to make the control performance achievable, a reaching condition is also designed as follows:
where it is of note that by adding the proportional rate term S  , the state is forced to approach the sliding surface faster when S is large enough [26] . The 0   is a control parameter which determines the convergence rate of a tracking error, the 0 S K  is a control parameter which should be adjusted according to the number of uncertainties and disturbances [27] .
By substituting wheel slip dynamics into the equation for a reaching condition (i.e., Equation (5)), the sliding mode control law can be derived as follows:
where it is difficult to accurately calculate the desired slip ratio d  in real-time because d  which is the optimal point generating the maximum driving force, is slightly different with respect to road conditions. In this work, the desired slip ratio is set to 0.01 for the high friction road and to 0.2 for the low friction road, respectively. Since we can easily detect the tire slip phenomenon from the driver's torque command and the estimated driving force, a proposed wheel slip controller can work properly with a pre-defined desired slip ratio on a low friction road. It is of note that a discontinuous function sgn( )  may lead to an undesirable chattering problem due to the measurement noise and some actuator delay. In order to attenuate this issue, the discontinuous control law term is replaced by a saturation function around the switching surface [27] . In addition, a simple low pass filter can be used for eliminating the high frequency chattering components.
We can prove that the sliding mode control law makes the closed-loop control system asymptotically stable by employing the Lyapunov function:
The time derivative of Equation (7) is:
where the lumped disturbance d is physically bounded and by defining
K is chosen as a larger value than that of  (i.e., 0
Thus, the control objective, i.e., ( ) 0 S t  as t   , can be achieved by the derived control law (Equation (6)).
Design of a Driving Force Observer
In a sliding mode control law (Equation (6)), a driving force ˆd F is estimated from the driving force observer which is quite similar to the widely-used disturbance observer structure as shown in Figure 6b . By using the rotational wheel dynamics model (see Figure 6a ) and a measurable motor torque as well as wheel velocity, it is easily estimated based on the following observer dynamics [28] :
where n I  is the nominal wheel inertia described in Table 1 and D  is the time constant of the applied low-pass filter which rejects high frequency noises caused by a time derivative of .
Vehicle Velocity Estimation
In wheel slip control systems, it is necessarily required to detect vehicle velocity to calculate the wheel slip ratio. One of the common and most important issues in anti-slip control and traction control is the measurement of real-time estimation of the vehicle velocity over the ground. Since the vehicle velocity is always the basis for the wheel slip calculation, the vehicle velocity should be estimated using available sensor measurements so as to avoid cost increase. Many efforts have been focused on the practical issue of vehicle velocity estimation [29] [30] [31] [32] . In [29] , a fuzzy rule-based Kalman filtering technique, employing an additional accelerometer to complement the wheel-based velocity sensor, was proposed and its performance was verified through experiments using an actual vehicle. In [31] , an adaptive nonlinear filtering approach was proposed to estimate the vehicle velocity by only using measurable wheel velocities. However, that adaptive algorithm was only tested off-line using real field-testing. In [32] , nonlinear observers for both estimation of lateral and longitudinal velocity of
F automotive vehicles were proposed and validated on experimental data from the test vehicle. Since a tire-road friction model has to be assumed, it is not practical for real application to the vehicles. In this section, a vehicle velocity estimation algorithm based on the driving wheel's velocity with an acceleration limiter is proposed. In addition, experiments were conducted using an actual electric vehicle to verify the proposed estimation strategy.
Design of a Wheel Slip Indicator
The wheel slip indicator, which is defined as a ratio of the input torque and the estimated driving force, is expressed as:
where m T is a driver command torque (i.e., driver  m T T , see Figure 5 ).
It is of note that we can see how severe the wheel slip condition was from the wheel slip indicator  . As shown in Equation (11), m T is the torque input to traction control system and ˆd F is the result of tire-road interaction, which means system output. If we know both the input and output of the whole system, it is easy to predict the current status of the wheels. For example, when a vehicle runs on an asphalt road (non-slip condition), a wheel slip indicator  converges to a certain value (see Equation (13)).
Considering that the vehicle velocity is almost equal to the non-driving wheel's velocity in the adhesive region, the longitudinal wheel dynamics (Equation (1)) can be idealized in the adhesive region and the transfer function from the motor torque input to the wheel rotational velocity is given by:
The maximum wheel slip indicator max  is calculated in the adhesive region by a linear model (Equation (12) 
In the wheel slippery region, Equations (1) and (11) are used for calculating slip indicator:
; in the slippery region (14) In order to identify the slip indicator  , Equation (14) is rewritten in a parameter identification form as:
where
T is the sampling time.
A recursive least square (RLS) algorithm is used to estimate  in real-time: 
Wheel Acceleration Limiter and Rule-Based Logic
The wheel acceleration limiter is designed for the purpose of obtaining the reference wheel velocity v   which is the reasonable wheel velocity for calculating vehicle velocity within physical acceleration limit. Considering that limit values of the vehicle acceleration and deceleration depend on both motor power and vehicle weight, the acceleration limit value, acceleration A , and deceleration limit value, 
The structure of a rate limiter is shown in Figure 7 . In this paper, the decision making rule is applied to detect vehicle state and to update the acceleration limit value. Figure 8 shows the decision making plot. Since the wheel slip control during acceleration is ultimately considered, the deceleration limit is chosen as a constant value:
Decision rule: 
where 0.05g is the maximum acceleration value on a significantly slippery road (i.e., 0.2   ), 0.24g is the maximum acceleration value on a dry asphalt, both are obtained from field tests. The decision rule for updating the acceleration limit is very simple; based on calculated  and CAL, the status of wheel slip is easily recognized, according to the table shown in Figure 8 , a physical limit value of the acceleration is updated in the rate limiter shown in Figure 7 . Finally, the vehicle velocity is calculated by averaging the left and right reference velocity ( v   ) of two rear wheels: 
Experimental Results for Vehicle Velocity Estimation
In order to verify the performance of a proposed estimation algorithm, the experiments were carried out using an experimental electric vehicle (i.e., COMS3). The driving conditions are given as follows (see Figure 9 ):  Full acceleration without steering.  Left wheel on high-µ surface and right wheel on high-µ/low-µ/high-µ transition surface. Figure 9 . Experiment conditions. The experimental result for wheel acceleration limit adaptation is shown in Figure 10d . When a right wheel begins to slip (i.e., t = 1.8 s), an acceleration limit value for the right wheel, on low-µ surface, is reduced below 0.24g. Figure 11 shows the results for vehicle velocity estimation. As shown in Figure 11b , the wheel velocity of the right wheel, controlled by a sliding mode controller, slightly oscillates to track the desired wheel slip ratio. In order to use the slipped wheel's velocity for estimating vehicle velocity, the slipped wheel's acceleration (i.e., red-thin-line shown in Figure 11d ) is processed as a magenta-dotted-line shown in Figure 11d by the rate limiter with a low pass filter as shown in Figure 7 . Then, we can get the vehicle velocity by making use of the velocity of the processed left and right wheels as well as the decision making rules which are built based on field test data. From Figure 11a ,b, we can confirm that the estimated vehicle velocity (i.e., black line) is very close to the left wheel's velocity which is the non-slipped wheel's velocity. 
μ 
Computer Simulation and Experimental Verification
Computer Simulation Using a CarSim Software
Traction control and vehicle velocity estimation algorithms developed, in this work, were evaluated in a co-simulation using Matlab/Simulink and CarSim. The simulation model was built to match the values of the experimental electric vehicle and to consider nonlinear effects caused by time delay and disturbances. Full acceleration maneuvers, performed in a straight line and under slippery road conditions, were carried out to evaluate the control performance of the wheel slip controller (i.e., sliding mode controller). Figure 12 shows the results of a sliding mode controller with different values of  . By analyzing the trajectory of wheel slip ratio shown in Figure 12b , it can be seen that the larger the  , the better the slip ratio tracking performance. Also, a direct relation can be observed between the settling time of the slip response and the  value. 
Experimental Verification
A proposed wheel slip controller implemented on an experimental electric vehicle equipped with in-wheel-motors is shown in Figure 1 . Field tests were performed under the same driving conditions applied in the tests for evaluating the performance of the vehicle velocity estimation algorithm. In order to compare the results of both a with-control case and a without-control case, an experiment without a proposed controller was carried out and its result is shown in Figure 13 . The slippery road was simulated by an acrylic sheet with water. An algorithm for vehicle velocity estimation was applied and the estimated vehicle velocity is shown in Figure 12 (i.e., black line). When the vehicle enters a slippery road, a sudden wheel slip occurs, which can result in significant energy loss due to undesired wheel spin.
In the same manner, several experiments with a proposed wheel slip controller were carried out for evaluating the tracking performance of a proposed wheel slip controller and for confirming the effectiveness of traction control without using expensive vehicle velocity sensors.
The control parameter  which determines the convergence rate of the tracking error is set to 3 and 7, respectively. Moreover, the control parameter S K , which should be adjusted according to the extent of uncertainties and disturbances, is set to a relatively small value to avoid undesired chattering in the wheel velocity. employing the slip controller, and then the proposed wheel slip controller begin to work normally. Figure 14b shows that, compared to the without-control case, the motor torque of the right wheel on a slippery road has decreased to avoid severe wheel slip. Here, it must be pointed out that, the quantity of decreased torque means less energy loss caused by undesired wheel slip on a slippery road. Therefore, both traction ability and reduction of energy consumption during acceleration on a slippery road are simultaneously achieved with the proposed wheel slip controller. Compared with the control results with 3   , the result employing 7   shows a better anti-slip performance as shown in Figure 16 . The desired wheel slip ratio was set to 0.2 on a slippery road and the proposed sliding mode controller contributed to reduce the applied motor torque to minimize the tracking error. 
Conclusions
In this paper, a wheel slip controller, based on the sliding mode control approach, was proposed to improve the traction ability and to reduce energy loss while a vehicle accelerates on a slippery road. Moreover, an estimator of vehicle velocity was proposed and applied to the wheel slip control system. This vehicle velocity estimator, which makes use of only measurable motor torques and rotational wheel velocity, was realized based on a rule-based decision logic considering the driving limits of an experimental electric vehicle. Since the structure of the proposed algorithm is very simple and easily implementable, as well as being cost-free, it is expected that these algorithms will be applied to other control systems to enhance their control performance when vehicles run on a slippery road. The simulations and experiments indicate that a driving force observer-based sliding model controller, for the wheel slip control, works well to track the given desired wheel slip ratio. Although a slight oscillation in wheel velocity was observed, the anti-slip performance of the proposed controller was verified by analyzing the test results for both a with-control case and a without-control case. In addition, comparative simulations and experiments with variations of control parameters proved the effectiveness of the proposed estimator and control algorithms. In future work, we plan to apply the proposed algorithms to vehicle yaw stability control systems. 
